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Sidechain interactions in parallel β sheets: the energetics of
cross-strand pairings
Jane S Merkel, Julian M Sturtevant and Lynne Regan*
Background: Both backbone hydrogen bonding and interactions between
sidechains stabilize β sheets. Cross-strand interactions are the closest contacts
between the sidechains of a β sheet. Here we investigate the energetics of
cross-strand interactions using a variant of the B1 domain of immunoglobulin G
(IgG) binding protein G (β1) as our model system.
Results: Pairwise mutations of polar and nonpolar residues were made at a
solvent-exposed site between the two central parallel β strands of β1. Both
stabilizing and destabilizing interactions were measured. The greatest
stabilizations were observed for charge–charge interactions. Our experimental
study of sidechain interactions correlates with statistical preferences: residue
pairs for which we measure stabilizing interaction energies occur together
frequently, whereas destabilizing pairs are rarely observed together.  
Conclusions: Sidechain interactions modulate the stability of β sheets. We
propose that cross-strand sidechain interactions specify correct strand register
and ordering through the energetic benefit of optimally arranged pairings. 
Introduction
α Helices, β strands and β turns are the predominant sec-
ondary structures in proteins. By arranging these simple
elements in precise patterns, complex protein structures
assemble and achieve the diversity of all protein functions.
A major goal in understanding how the amino acid
sequence of a protein specifies its structure is to under-
stand how these elements of secondary structure are stabi-
lized. In addition to identifying which amino acids are
intrinsically the most favorable in maintaining each type
of secondary structure, we must also determine the nature
of tertiary interactions between residues.
Early studies delineated the amino acid preferences for 
α helices, β sheets and β turns by calculating the preva-
lence of every amino acid in each type of secondary struc-
ture [1]. Experimental studies followed to determine if
the observed statistical preferences correlated with mea-
surable energetic preferences of an amino acid to adopt a
given type of secondary structure. This approach was first
used to rank the ability of amino acids to form α helices
[2]. Many host–guest studies of α-helix formation fol-
lowed, in which all 20 residues were substituted into a
single site within a protein or peptide and the effect of
that single substitution on the stability of the protein vari-
ants was assessed. The different experimental studies
gave similar rank orders for α-helix formation and corre-
lated with statistical studies [3]. Subsequently, model
systems were developed in peptides and proteins in which
host–guest studies could be performed to determine the
intrinsic β-sheet-forming tendencies of the amino acids
[4–7]. Aromatic and β-branched amino acids rank highest
in their intrinsic ability to stabilize β structure, whereas
alanine, proline and glycine are very poor [4–6]. These
studies showed that even at solvent-accessible guest sites,
hydrophobic and branched residues are best at stabilizing
β-sheet structure. A possible explanation for the differ-
ences in intrinsic β-sheet-forming propensities of the
amino acids has been recently proposed [8]. With an
understanding of which individual amino acids stabilize
β sheets, the next step in studying β-sheet folding is to
determine how these residues arrange both along each
β strand and across the strands on the sheet.  
β Sheets form by the alignment of β strands in one of two
arrangements. Parallel β sheets associate with their N and
C termini aligned, whereas antiparallel β sheets have their
termini opposed (Figure 1). Hydrogen bonds form
between the backbone amide and carbonyl groups
throughout the length of the strands, lacing them together.
Hydrogen-bonding patterns define the types of cross-
strand pairing in β sheets. Between two antiparallel
strands, there are two types of cross-strand pairings. In the
‘hydrogen-bonded pair’, two hydrogen bonds form
between the amide and carbonyl groups of both residues
of the pair, whereas in the alternative type of antiparallel
cross-strand pair, the ‘nonhydrogen-bonded pair’, no
hydrogen bonds form because the backbone hydrogen-
bonding groups are oriented in the opposite direction to
the cross-strand residue. Between two parallel strands,
there is only one type of cross-strand pair. One residue
from the pair at the hydrogen-bonded site makes hydrogen
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bonds to the backbone groups of residues on both sides of
the cross-strand residue, at the nonhydrogen-bonded site.
As a result, the hydrogen bonds angle from one strand to
another whereas in antiparallel sheets the hydrogen bonds
are perpendicular to the backbone of the strands. In all
cases, sidechains project alternately above and below the
plane of the sheet in perpendicular register across the
strands. Figure 1 shows a schematic representation of the
hydrogen-bonding pattern of parallel and antiparallel β
sheets, illustrating the positions of cross-strand sidechains
in the gauche+ (g+), gauche– (g–) and trans (t) rotamer corre-
sponding to a χ1 dihedral angle of 60°, –60° and 180°,
respectively [9]. The positions of the χ1 sidechain rotamers
are not symmetric with respect to the cross-strand partner
in parallel β sheets, in marked contrast to antiparallel
β sheets, in which the arrangement of rotamers is symmet-
ric with respect to a twofold axis in the center of the two
strands. In parallel sheets, the Cα–Cα distance between
cross-strand residues is 4.9 Å, intermediate between the
4.5 Å of a nonhydrogen-bonded pair and the 5.3 Å of a
hydrogen-bonded pair across antiparallel strands. In con-
trast to the close interactions between cross-strand
residues, same-strand interactions between sidechains on
the same side of the sheet (residue i → i + 2) average
between 7.4 Å and 8.6 Å, which drastically reduces the
potential for sidechain interaction within a strand. In a
study that evaluated all types of pairwise residue interac-
tions in all secondary structures, cross-strand interactions
in parallel and antiparallel sheets were shown to have very
high pairwise cross-strand correlations [10]. 
An early statistical study observed preferences of
hydrophobic residues for each other within β structure,
but considered only 19 proteins and combined pairings
from parallel and antiparallel β sheets together in the
analysis [11]. Non-random preferences for specific residue
combinations were found in β sheets from a small data-
base of 30 protein structures [12]. In two later studies,
using much larger databases of antiparallel β-sheet-con-
taining proteins, the statistical correlations considered
hydrogen-bonded pairs and nonhydrogen-bonded pairs
separately. Both studies found non-random preferences
for some residue pairings, depending on the type of
antiparallel cross-strand pair [13,14]. One interpretation of
these findings is that there are energetic differences
between sidechain pairings which lead to observable pref-
erences of residues for specific other residues. Further-
more, the preferences depend on the type of cross-strand
site because the type of site influences the potential for
sidechain interaction. 
Experimental studies have measured the interaction energy
associated with cross-strand pairs between antiparallel β
strands at hydrogen-bonded sites. A single favorable pair-
wise interaction between two residues at a cross-strand site
can contribute as much as 1 kcal mol–1 of stability, whereas
a single unfavorable interaction can destabilize a protein as
much as 0.8 kcal mol–1 [15]. Because electrostatic compati-
bility between charged residue pairs is overwhelmingly
prevalent in statistical studies, an experimental study of
charged residue pairs was performed in a zinc-finger
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Figure 1
Schematic representation of β strands in
(a) parallel and (b) antiparallel orientations
showing the hydrogen-bonding pattern, types
of cross-strand pairing as well as g+, g– and
t χ1 rotamer positions for the sidechains.
Squares represent parallel cross-strand pairs,
with open squares for the hydrogen-bonded
(HB) site and shaded squares for the
nonhydrogen-bonded (nonHB) site. Circles
represent antiparallel cross-strand pairs, with
open circles for HB pairs and shaded circles
for nonHB pairs.N
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peptide. The best of the complementary charged pairs
yielded 0.5 kcal mol–1 of stabilization and unfavorable inter-
actions between residues of like charge destabilized the
peptide by nearly 1 kcal mol–1 [16]. These studies empha-
size that the pairings of amino acids at antiparallel β strands
can significantly modulate the stability of a protein. The
measured energetic differences between residue pairings in
the experimental studies correlate with the observed pref-
erences noted in statistical studies.
A recent statistical survey examined interstrand prefer-
ences for amino acids in parallel β sheets [10]. Parallel
β strands necessarily associate non-locally and therefore ter-
tiary interactions have an essential role in specifying correct
strand register between two strands and strand ordering in
β sheets with more than two strands. By understanding the
energetic contribution of sidechain–sidechain interactions,
we can begin to understand the importance of these closest
contacts in stabilizing secondary structure elements.
We began by creating and characterizing a suitable
host–guest site within the B1 domain of the immunoglob-
ulin G (IgG) binding protein G (β1) scaffold. We selected
residues to study which have been shown statistically
[1,17,18] and experimentally [4–6] to be the intrinsically
most stabilizing in β sheets. We measured stabilizing ener-
gies associated with pairs of residues found together fre-
quently and destabilizations for pairs of residues which are
not observed together frequently [10]. We propose that
optimization of sidechain rotamers and van der Waals
packing interactions provide an energetic explanation for
the observed pairwise preferences.
Results and discussion
Construction and characterization of a guest site
To study sidechain interaction energies between parallel
β sheets, we constructed a host–guest environment on the
solvent-exposed face of the β sheet of β1. The guest sites at
positions 6 and 53 lie on the two internal parallel β strands
of the four-stranded mixed sheet of the protein (Figure 2a)
[19,20]. Position 6 is in the hydrogen-bonding (HB) site; its
backbone amide and carbonyl groups are directed towards
its parallel cross-strand partner, position 53, which is at the
nonhydrogen-bonding (nonHB) site (Figure 2b). The
amide and carbonyl groups of residue 6 make hydrogen
bonds to the carbonyl group of residue 52 and amide group
of residue 54, respectively. The host environment sur-
rounds the guest positions 6 and 53 on the solvent-exposed
face of β1. Intrastrand nearest-neighbor residues to the
guest sites at positions 4, 8, 51 and 55 were changed to thre-
onine and interstrand nearest-neighbor residues at positions
15 and 44 were changed to alanine. Such a host–guest site
has been used previously to study cross-strand interactions
between parallel β strands [21]. A similar host environment
has also been used to study cross-strand interactions
between antiparallel β strands [15]. Each amino acid has a
different intrinsic propensity to stabilize β sheets; it is
therefore essential to measure the effect of each single
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Figure 2
Parallel host–guest site in β1. (a) Ribbon representation of the
parallel host–guest site in β1. Central guest positions 6 and 53 are
surrounded by threonine and alanine on the solvent-exposed face of
the protein. (Figure made using Ribbons [31].) (b) Schematic
diagram of the hydrogen-bonding pattern of the parallel host–guest
site in β1 with hydrogen bonds represented by arrows [19]. Position
6, the HB site, hydrogen bonds to the backbone groups of residues
52 and 54 on either side of its cross-strand partner, position 53,
located at the nonHB site.
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amino acid replacement on the protein stability. For every
pair measured, two mutants with each single mutation
paired with alanine must be studied, so that double-mutant
cycle analysis can be performed [22,23].
Alanine has a low β-sheet propensity and it was therefore
important to characterize the host environment with two
alanine residues at the guest site, which was likely to be
the least stable protein that we would study. This arrange-
ment places the two guest-site alanines next to the two
host-environment alanines so that alanine occupies the
four central positions across the β sheet. It was important to
verify the integrity of the β sheet after making these sub-
stitutions, because this protein is an important reference
state in double-mutant cycle analysis. We used nuclear
magnetic resonance (NMR) spectroscopy to characterize
the structure of the variant A6A53 (in single-letter amino
acid code). The 1H–15N correlation spectrum of A6A53
(Figure 3a) is indicative of a native protein with intense
cross-peaks and good resonance dispersion. The residue
assignments are similar to the native protein, with the
largest differences at sites of mutation (A44, A53) and adja-
cent sites on the β sheet (L5, L7, G14, Y45) as well as the
first β hairpin (G9, T11) [19]. Despite changes on the
surface of the protein to maximize solvent exposure at the
guest sites, the newly introduced alanine and threonine
residues exhibit well defined and unique resonances.
Amide and α-proton chemical shifts are consistent with the
expected secondary structure elements. The mutations on
the solvent-exposed face cause only small differences in
the backbone structure. Furthermore, cross-strand nuclear
Overhauser effect (NOE) patterns at the host–guest site
confirm the correct positioning and register of the β strands
(Figure 3b). From these results, we conclude that the
β sheet of A6A53 is fully maintained together within the
cross-strand connectivity of the wild-type protein. 
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NMR characterization of A6A53. (a) 1H–15N correlation spectrum of A6A53 at 10°C. (b) Schematic representation of cross-strand NOEs observed
in A6A53. Solid arrows represent observed NOEs and dashed arrows represent ambiguous NOEs due to spectral overlap of these resonances with
other resonances in the spectrum.
Charged pairs at the guest site
After creating the host–guest site and verifying that struc-
tural integrity was maintained even in the most destabi-
lized variant, we substituted charged residues into the
guest site. Charged residues display the most dramatic
cross-strand preferences within β-sheet structure. Although
the charged residues individually have low β-sheet propen-
sities [1,17,18], oppositely charged residues are frequently
found as cross-strand pairs. The pairs EHBRnonHB and
KHBEnonHB are seen 5.4 and 3.9 times more frequently than
random with a confidence greater than 99.9%. We also
studied pairs of like charge, EHBEnonHB and KHBRnonHB,
which are not observed together in proteins of known
structure [10], to gain some indication of the magnitude of
destabilizing interactions in this system. Hence, this initial
study was performed to examine the potential range of
energies in our model system.
β1 has greatest stability at pH 5.2 and this is the pH at
which we typically conduct our studies; however, we
studied the charged mutants at pH 7.2 because we were
interested in measuring the interactions between charged
residues (the lower pH approaches the pKa of glutamic
acid, thereby neutralizing the sidechain). All of the
mutants in this set are stable and have circular dichroism
(CD) spectra in the far-UV region identical to that of the
wild-type protein. Figure 4a shows the CD spectra of a
representative set of mutants, E6R53, the single-alanine
replacement mutants, E6A53 and A6R53, and the double-
alanine mutant, A6A53. Thermal denaturation of the pro-
teins, followed by CD at 222 nm, shows significant
differences in stability for different pairs of substitutions
at the solvent-exposed double guest site (Figure 4b).
Table 1 lists the temperature for the midpoint of the
thermal denaturation and the enthalpy at this tempera-
ture. Although only two positions were modified in this
study, the protein variants in Table 1 span a range of
nearly 3 kcal mol–1 (calculated at 46°C, the average Tm for
this set of proteins). ∆∆Gu can be used to rank the stabili-
ties of the pairwise substitutions, but does not account for
the effect of each component mutation on the stability of
the protein. Because the amino acids differ in their inher-
ent ability to stabilize β-sheet structure, ∆∆Gu also reflects
these differences. We calculated the energy contributed
by the paired guest residues to the protein, after subtract-
ing out the energetic effect of each component guest
residue substitution to the stability [22,23]. These inter-
action energies, ∆∆∆Gu, are listed in Table 1; these ener-
gies span a range of 1.7 kcal mol–1. We observe stabilizing
energies of 0.6 kcal mol–1 for oppositely charged pairs and
destabilizing energies of 1.1 kcal mol–1 for pairs of like
charge (at 46°C). These studies demonstrated the suitabil-
ity of this host–guest environment for measuring
sidechain interactions. It is of particular importance to
quantify sidechain interactions involving residues which
are intrinsically the most stabilizing in β sheets. We paired
these residues and measured the energy of different pair-
ings, as these residues are most important in determining
the stability and the register of strands in β sheets.
Sidechain superpositions
Our aim was to measure the energetics of cross-strand
sidechain interactions between parallel β strands, focusing
particularly on interactions between residues that are
intrinsically the best β-sheet formers. Understanding the
underlying physicochemical interactions that give rise to
the measured interaction energies is of central importance.
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Figure 4
Characterization of E6R53 and alanine replacement mutants. (a) Far-UV
circular dichroism spectra of E6R53, E6A53, A6R53 and A6A53 at 50 µM
concentration in 50 mM phosphate buffer (pH 7.2) and 10°C.
(b) Thermal denaturation of E6R53 and alanine-replacement mutants
designated as in (a) monitored by CD at 222 nm.
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We therefore examined a number of high-resolution struc-
tures (≤ 2 Å resolution) of β-sheet-containing proteins
with no significant sequence or structural homology in
order to delineate the possible different types of sidechain
interactions. The backbone atoms of multiple pairs of
residues from different proteins were superimposed and
the orientation of each pair of sidechains investigated. We
distinguished between residue pairing from the HB versus
the nonHB positions. By including a large number of dif-
ferent pairs in this study, sidechain conformations influ-
enced by the specific tertiary structure of any one protein
are minimized. Both solvent-exposed and buried faces of
sheets were included. Greater conformational freedom
occurs at strand termini and at the edge strands of sheets.
For this study, all residue pairs were included, regardless
of position within the strand or sheet. The dominant types
of interaction motifs that we observe are discussed below.  
Nested packing of nonpolar residue pairings
In a ‘nested’ arrangement, the sidechains follow one
another to achieve close packing and van der Waals
contact throughout the length of the sidechain. Dramatic
examples of nested conformations include the pairs
VHBVnonHB, IHBVnonHB, VHBInonHB and IHBInonHB. In these
pairs, both residues adopt their most favorable χ1 and χ2
rotamers. Figure 5a shows overlays from 16 protein back-
bones with IHBInonHB pairs. The sidechains cluster in nine
of 16 examples with both isoleucines in the preferred
g– (χ1) t (χ2) rotamer positions [9]. In addition to being the
lowest-energy conformation, this arrangement places the
sidechains of both residues in close van der Waals
contact, burying significant hydrophobic surface area at
the interface of the sidechains. Another well populated
cluster has a g– χ2 rotamer for the InonHB with IHB in the
favored g– t conformation. Four alternative arrangements
are observed, with one residue from each pair adopting
the most preferred rotamer with some distortions. This
nested packing arrangement may be critical in establish-
ing the stability and register of sheets in parallel arrays.
These are the most stable pairs, combining optimal
rotamers and good packing.
Distributed packing
In this mode of packing, one or both residues are distrib-
uted among many different rotamers. In the pair
LHBInonHB, numerous interaction modes are observed as a
result of variation in the rotamer position of the LHB
residue (Figure 5b). Both residues are seen most fre-
quently in their preferred rotamers, ten times for
isoleucine and five times for leucine in the 14 pairs. The
most frequently observed arrangement has both residues
in their preferred g– (χ1) t (χ2) conformation. This arrange-
ment allows for extensive van der Waals contact and
packing. Eight other packing arrangements are also
observed, suggesting little energetic preference among
the leucine rotamers in this pairing. 
Aromatic residue pairings
Whereas the larger aromatic residues may benefit more
by burying the expansive hydrophobic surface area of
their sidechains, the larger volumes of these sidechains
may interfere with packing at the small cross-strand dis-
tances. The aromatic sidechain often bends away from
the cross-strand residue to avoid steric clashes, adopting
the unfavored g+ χ1 rotamer at the nonHB site and expos-
ing hydrophobic surface area. In many examples,
residues that pair cross-strand with aromatic residues
adopt their most favorable rotamer positions and the aro-
matic residue adopts a conformation that allows the bulky
group to be accommodated in the protein. A particularly
interesting example of the behavior of aromatic residues
is seen in their pairing with glycine. Glycine occurs infre-
quently in β sheets and is energetically destabilizing.
When it does occur, it is often found paired with aromatic
residues. The aromatic sidechain behaves differently in
this case, adopting the unfavored g+ (χ1) rotamer, lying
over the glycine and essentially acting as a sidechain for
both residues [21]. 
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Table 1
Thermodynamic parameters for β1 variants with charged residues at the parallel cross-strand site.
Mutant Tm (°C) ∆Hm ∆∆Gu* (25°C) ∆∆∆Gu† (25°C) ∆∆Gu* (46°C) ∆∆∆Gu† (46°C)
A6A53 38.19 (± 0.09) 36 (± 1) 0 (± 0.05) – 0 (± 0.03) –
A6E53 40.3 (± 0.1) 37.6 (±0 .5) 0.25 (± 0.02) – 0.26 (± 0.02) –
A6R53 46.62 (± 0.08) 39 (± 1) 0.84 (± 0.07) – 1.04 (± 0.01) –
E6A53 39.55 (± 0.06) 37.1 (± 0.7) 0.16 (± 0.04) – 0.160 (± 0.008) –
E6E53 32.55 (± 0.06) 33.9 (± 0.7) –0.59 (± 0.02) –1.00 (± 0.08) –0.68 (± 0.04) –1.10 (± 0.07)
E6R53 52.25 (± 0.09) 44.9 (± 0.2) 1.74 (± 0.02) 0.7 (± 0.1) 1.79 (± 0.01) 0.59 (± 0.03)
K6A53 50.9 (± 0.2) 44 (± 1) 1.6 (± 0.1) – 1.61(± 0.04) –
K6E53 55.19 (± 0.01) 47.7 (± 0.7) 2.23 (± 0.07) 0.5 (± 0.2) 2.23 (± 0.02) 0.36 (± 0.08)
K6R53 52.9 (± 0.1) 48 (± 2) 2.1 (± 0.1) –0.2 (± 0.3) 1.94 (± 0.05) –0.7 (± 0.1)
∆Hm, ∆∆Gu and ∆∆∆Gu are in kcal mol–1. Proteins were studied at 50 µM concentration in 50 mM phosphate buffer pH 7.2. *∆∆Gu = ∆GuX6Y53
– ∆GuA6A53. †∆∆∆GuX6Y53 = ∆∆GuX6Y53 – (∆∆GuX6A53 + ∆∆GuA6Y53). X is the identity of the amino acid at position 6 and Y is the identity of the amino
acid at position 53 [22,23].
Polar and charged residue pairings
Polar and charged residues are often in solvent-exposed
environments making tertiary interactions within the
protein or to solvent; even highly correlated pairs of
residues do not display specific sidechain interactions.
This observation agrees with a study investigating
sidechain interactions in antiparallel β sheets [13]. Intrapair
interactions are strongly influenced by local environment
and, therefore, differ from protein to protein. Conse-
quently, the sidechains of these pairs do not superimpose.
Model for sidechain pairings
We propose that optimizing rotamer preferences and max-
imizing burial of hydrophobic surface area and van der
Waals packing of the sidechains determine the observed
pairings of nonpolar residues in β sheets. The most dra-
matic examples of sidechain interactions display tight
packing and van der Waals contact throughout the length
of the sidechain. In solvent-exposed regions, this surface
area burial upon sidechain interaction releases structured
water molecules from nonpolar sidechains. Furthermore,
there may be some energetic cost for pairs of residues in
which one residue or both must rearrange from their
preferred rotamers to adopt less favorable rotamers.
Sidechains which can deviate slightly from the preferred
rotamer to allow good packing are also observed, rotamer
combinations for residues yielding large spaces between
cross-strand residues are rarely seen, except to accommo-
date aromatic sidechains at the HB site. Here we describe
our measurement of the energies associated with different
types of sidechain–sidechain interactions. 
Measuring sidechain interactions in a parallel β-sheet
model system 
We measured pairs of residues individually found to be
observed most frequently in statistical studies [1,17,18]
and the most stabilizing experimentally [4–6]. Residues
were paired to study the energetics of sidechains
observed with high statistical prevalence (FF, IF, II, IV,
LI, NT, TT and VV), low statistical prevalence (IT, TI
and TV) [10], potential aromatic–aromatic interactions
(FF and FY), site asymmetry (IF and FI, IT and TI, IV
and VI, FV and VF) and to include pairs of similar (FF,
FI, FV, FY, IF, II, IV, IY, LI, NT, TT, VF, VI and VV)
and dissimilar (IT, TF, TI, TV and TY) polarity. Pairs
were also constructed to examine the energetics associ-
ated with certain specific observed packing patterns: VV,
IV, VI and II display a nested packing of their sidechains,
whereas LI, TI, TV, NT and TF display multiple
sidechain packing conformations.
We determined the change in the specific heat capacity,
∆Cp, from the slope of the linear fit of melting tempera-
ture (Tm) versus the change in enthalpy at the midpoint
(∆Hm) of the unfolding transition including all the
mutants from the study (Figure 6). Using our calculated
value of ∆Cp and the Tm and ∆Hm determined from CD,
we calculated ∆∆Gu by subtracting out the contributions
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Figure 5
Overlay of backbones from different proteins to display the sidechain
clustering of different cross-strand pairs with the HB position in front
and the nonHB position at the back. Broken yellow bars represent
backbone hydrogen bonds. (a) IHBInonHB pairs display a nested packing
arrangement at the most favored rotamer position, g– (χ1) and t (χ2) for
both residues (green). Five other conformations are observed for the
HB and nonHB isoleucine respectively: g– t and g– g– (blue), g– g+ and
g– t (red), g+ t and g– g– (magenta), g– t and g+ t (cyan), and g+ t and
g– t (orange). (b) LHBInonHB pairs from 14 structures show isoleucine to
be in the preferred rotamer position in 11 cases, and leucine residues
populate seven different sidechain arrangements. The χ1, χ2 rotamer
combinations for leucine at the HB and isoleucine at the nonHB
positions, respectively, are g– t and g– t (green), distorted g– g– and g– t
(orange), g– g+ and t t (yellow), t g+ and g– t (red), t t and g– t
(magenta), distorted g– t and g– t (blue), t g+ and g+ t (cyan), t g+ and t t
(black), and t g+ and g– t (violet). 
of the protein A6A53 at 25°C and at 63°C (the average Tm
of all of these variants and their alanine replacements) as
given in Table 2. 
The mutants range in ∆∆Gu over 3 kcal mol–1 of stability,
differing in Tm by over 20°C. In this ranking, non-
charged and aromatic sidechains have the most signifi-
cant interaction energies and pair more favorably than
pairs containing threonine. Table 2 ranks the stability of
the pairs relative to the A6A53 host. Both intrinsic propen-
sity and energy of pairing contribute to this ranking. In
this ordering, pairs displaying nested sidechain packing
rank as the most stabilizing pairs, whereas the variants
representing sidechains with distributed packing modes
are found at the bottom of the ranking. In Table 3, using
double-mutant cycles, we calculated ∆∆∆Gu (the inter-
action energy), subtracting the energy of each component
residue in the pair on the stability of the protein [22,23].
∆∆∆Gu was calculated at 63°C (the average Tm of this set
of mutants) to minimize errors in ∆Gu associated with
longer extrapolations. The interaction energies range from
a stabilization of 0.4 kcal mol–1 to a destabilization of
0.57 kcal mol–1. In this table, the highly correlated pairs
from the statistical studies show stabilizing interactions,
and the negatively correlated pairs are destabilizing or
neutral. All of the pairs for which nested sidechains are
observed from superpositions are stabilizing, whereas pairs
that display distributed sidechains are not correlated with
sidechain interaction energies. There are two outliers in
Table 3; T6T53 is destabilizing despite the statistical
prevalence for this pairing, and T6V53 is stabilizing
although observed less frequently than random in the sta-
tistical study [10]. The sidechain interaction energies may
result from competing polar interactions on the protein
surface with host-site residues. Our data support the sug-
gestion [11,13] that like polarity has a strong influence on
sidechain interactions: polar–hydrophobic pairings are
clearly destabilizing in our model system. Aromatic–aro-
matic pairings rank in the middle of the group of stabiliz-
ing sidechain combinations, which is different from their
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Figure 6
Determination of ∆Cp from the slope of the linear fit of temperature
versus enthalpy at the midpoint of the unfolding transition. The slope of
the line is –0.540 kcal mol–1 deg–1, and fits with a correlation value of
0.925. Each point represents the thermal denaturation by CD of a
different mutant.
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Table 2
Thermodynamic parameters for β1 variants with polar and noncharged residues at the parallel cross-strand site.
Mutant Tm (°C) ∆Hm ∆∆Gu (25°C) ∆∆Gu (63°C)
I6Y53 79.3 (± 0.2) 57 (± 2) 4.1 (± 0.3) 4.29 (± 0.09)
I6F53 77.78 (± 0.03) 57.2 (± 0.3) 4.61 (± 0.05) 4.10 (± 0.01)
I6I53 77.2 (± 0.2) 52.0 (± 0.9) 3.3 (± 0.1) 3.81 (± 0.05)
V6F53 75.96 (± 0.03) 53.9 (± 0.7) 3.5 (± 0.1) 3.73 (± 0.03)
I6T53 75.9 (± 0.3) 54.5 (± 0.8) 3.6 (± 0.1) 3.75 (± 0.03)
I6V53 74.3 (± 0.2) 50 (± 1) 2.8 (± 0.1) 3.38 (± 0.04)
L6I53 73.96 (± 0.06) 50 (± 1) 2.8 (± 0.2) 3.34 (± 0.04)
V6I53 73.8 (± 0.3) 50.7 (± 0.1) 2.91 (± 0.09) 3.35 (± 0.03)
F6Y53 72.2 (± 0.1) 51 (± 2) 2.8 (± 0.3) 3.14 (± 0.06)
V6V53 71.5 (± 0.1) 48 (± 1) 2.5 (± 0.2) 2.99 (± 0.04)
F6F53 70.7 (± 0.3) 52.4 (± 0.5) 2.97 (± 0.08) 3.00 (± 0.05)
F6I53 69.42 (± 0.06) 47 (± 1) 2.1 (± 0.2) 2.70 (± 0.02)
F6V53 67.1 (± 0.1) 47 (± 1) 2.1 (± 0.1) 2.43 (± 0.03)
T6Y53 62.75 (± 0.05) 46 (± 2) 1.7 (± 0.2) 1.83 (± 0.01)
N6T53 62.7 (± 0.1) 49.3 (± 0.3) 2.07 (± 0.03) 1.82 (± 0.02)
T6T53 62.3 (± 0.1) 49 (± 1) 2.0 (± 0.2) 1.76 (± 0.02)
T6F53 61.62 (± 0.01) 44 (± 2) 1.5 (+ 0.2) 1.68 (± 0.01)
T6I53 60.9 (± 0.1) 43.1 (± 0.2) 1.28 (± 0.02) 1.59 (± 0.02)
T6V53 58.61 (± 0.03) 42.8 (± 0.1) 1.11 (± 0.07) 1.28 (± 0.01)
∆Hm and ∆∆Gu are given in kcal mol–1. The ∆Gu of A6A53 at 25°C and 63°C are 2.28 (± 0.05) and –1.84 (± 0.05), respectively. Proteins were
studied at 50 µM concentration in 50 mM sodium acetate buffer pH 5.2.
behavior in an antiparallel system, where such pairings
rank the highest [15].
Site asymmetry at the HB and nonHB sites of a cross-
strand parallel pair is observed in the isoleucine–threonine
and isoleucine–phenylalanine pairs, which differ by nearly
0.5 and 0.2 kcal mol–1, respectively, between the sidechain
interactions in the two different orientations. Computer
modeling of isoleucine and threonine in the β1 scaffold
reveals that IHBTnonHB pairs can be modeled in many dif-
ferent rotamer combinations and bury on average 10 Å2
less surface area than THBInonHB pairs.  In THBInonHB, THB
is restricted to the g– rotamer to avoid steric clashes with
isoleucine in any χ1 rotamer. Both types of pairing are
observed less frequently than a random distribution would
predict [10]. In this system, the IHBTnonHB pair is slightly
stabilizing and THBInonHB is very destabilizing.
Aromatic-containing pairs can also show orientation-spe-
cific effects. IHBFnonHB and FHBInonHB differ nearly twofold
in their stabilizing interaction energies. IHB must be g– to
accommodate FnonHB with some deviations from the pre-
ferred rotamers, yielding very close sidechain contact.
IHBFnonHB buries nearly 25 Å2 more surface area than the
reversed pair, FHBInonHB. In FHBInonHB, all χ1 rotamers of
both residues can coexist, and multiple packing confor-
mations are observed. Although IHBFnonHB is restricted to
one orientation for close packing, this achieves much
more hydrophobic surface area burial and may provide an
explanation for statistical preferences and measured
energetic differences.
Isoleucine–valine and valine–phenylalanine pairings are
less than 0.1 kcal mol–1 different in the two orientations
and are equivalent within error. IHBVnonHB is observed in
natural proteins with greater frequency and significance
than that of the reversed pair, VHBInonHB. Both residues
of both pairs can adopt their preferred rotamer positions,
g– (χ1) and t (χ2) for isoleucine and t for valine [9].
Neither FHBVnonHB nor VHBFnonHB are observed more
frequently than a random distribution would suggest. In
FHBVnonHB, both residues can adopt their favored
rotamers to achieve tight packing and surface area burial
by each sidechain. VHBFnonHB buries less (~15 Å2)
hydrophobic surface area than FHBVnonHB, but FnonHB
must adopt the least favored rotamer, g+ (χ1) due to con-
straints of the site.
Thermodynamic analysis by calorimetry
We performed calorimetric analysis on a series of mutants
differing in the composition of charged, polar and non-
charged residues at the double guest site, and represent-
ing a range of stabilities. All mutants exhibit a single
cooperative unfolding transition, with a midpoint of that
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Table 3
Sidechain interaction energies and statistical correlation
values for cross-strand pairs of polar and noncharged residues
between parallel β strands.
Mutant ∆∆∆Gu (63°C) Pair Confidence
(kcal mol–1) correlation* level (%)†
I6Y53 0.4 (± 0.1) 1.1 60
I6F53 0.37 (± 0.02) 1.3 90
V6F53 0.36 (± 0.06) 1.1 40
F6V53 0.33 (± 0.06) 1.0 0
T6V53 0.32 (± 0.05) 0.8 80
F6F53 0.31 (± 0.09) 1.4 80
N6T53 0.3 (± 0.1) 3.5 99.9
I6I53 0.28 (± 0.08) 1.4 99.9
F6Y53 0.24 (± 0.09) 1.1 30
F6I53 0.21 (± 0.06) 0.9 10
I6V53 0.24 (± 0.06) 1.2 90
V6V53 0.20 (± 0.06) 1.4 99.9
L6I53 0.18 (± 0.07) 1.3 99
V6I53 0.18 (± 0.06) 0.9 50
I6T53 0.1 (± 0.1) 0.7 90
T6I53 –0.40 (± 0.07) 0.6 98
T6T53 –0.4 (± 0.1) 1.4 80
T6F53 –0.51 (± 0.06) 1.0 20
T6Y53 –0.57 (± 0.05) 0.8 30
A statistical study investigating all cross-strand pairs for their abundance
in a database of protein structures yields the correlation value and
confidence data in this table [10]. *The pair correlation evaluates the
number of times the pair occurs relative to the expected number based on
a random distribution (value of 1). †The confidence percentage rates the
accuracy of the correlation value in representing the pair. Pair correlation
and confidence level are in boldface for pairs known at 90% confidence
or greater. Positive ∆∆∆Gu values indicate a stabilizing energy for the
paired residues, and negative values denote destabilization of the pair.
Figure 7
Plot of ∆Hcal and ∆Scal determined by calorimetry for the mutants
A6A53, I6T53, I6F53, I6Y53, K6E53, T6V53 and V6V53. The points fit a line
with a correlation value of 0.999.
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transition in agreement with CD measurements. None of
the mutants studied displayed concentration-dependent
changes in denaturation behavior in the concentration
range 100 µM to 0.5 mM, confirming the proteins to be
monomeric under these conditions.  We determined the
entropy for the unfolding transition. The relative contri-
bution of the enthalpy and entropy to the stability of each
mutant appears to be equivalent (Figure 7). This profile
may result from the small effect of two changes to the
entire surface of the protein. Despite having pairs of
amino acids representing a range of polarity and size at the
guest site, the protein variants have comparable thermo-
dynamic properties with respect to the contribution of
enthalpy and entropy to ∆Gu.
Biological implications
In order to understand molecular events in biological
systems it is essential to determine the interactions that
stabilize a particular type of secondary structure or
specify a particular protein fold. Currently, in the
Protein Data Bank, 23% of all known structure is identi-
fied as all-β and an additional 59% is mixed structure
(both α/β and α + β) [24]. Despite this prevalence of 
β structure, its folding is not well understood. Here we
quantify the energetic contributions of cross-strand inter-
actions to the stability of β sheets and to the specification
of cross-strand register. These results are of widespread
biological significance and will aid in the identification of
molecular interactions and in the rational design of
small-molecule and protein therapeutics.
We have studied a series of proteins that vary at two
cross-strand positions and which differ in stability over a
range of 3 kcal mol–1. Our measurements correlate with
statistical studies based on the prevalence of specific
amino acid pairs across strands in proteins of known
structure. On the basis of our analysis of the stereochem-
istry of interactions between sidechains, we show how
rotamer optimization combined with significant van der
Waals interactions and burial of hydrophobic surface
area explain the stability of favorable pairs. Conversely,
we measured destabilizing interaction energies for pairs
that are infrequently observed together. Unfavorable
steric clashes that occur when these pairs of sidechains
adopt favorable rotamers result in an overall destabiliza-
tion. Additional interactions may influence these pairings
in natural proteins.
Correct strand ordering is of key importance in parallel 
β sheets where specific interactions act to align strands
in the same N to C direction, bringing together noncon-
tinuous regions of the protein. Our results describe in
molecular and energetic detail how the specific pairings
of amino acids between strands serve to dictate how two
strands align in correct register and modulate the overall
stability of the protein.
Materials and methods
Purification and circular dichroism of mutant proteins 
Protein variants were generated by primers that encoded specific amino
acid substitutions into the synthetic β1 gene on a pET11a∆ vector, and
protein was expressed as described previously [5]. Protein purification
was achieved by ion-exchange chromatography on Q-Sepharose [5]
and followed by gel-filtration chromatography on Hi-Load Superdex 75
(Pharmacia) in 50 mM sodium acetate buffer, pH 5.2, the buffer in which
all CD spectra were acquired, except for the charged mutants. The
charged mutants were studied at pH 7.2 in 50 mM phosphate buffer.
Far-UV CD spectra were acquired from 20 µM protein samples in a
cuvette of 0.1 cm path length. We used 50 µM protein samples in a
0.2 cm path length cuvette for thermal denaturation studies sampling at
1°C increments with a 2 min equilibration and a 1 min averaging time on
an Aviv 62DS CD spectrometer (Aviv Instruments).
Superpositions
MidasPlus [25,26] was used to display examples of sidechain interac-
tions from proteins of known structure. Superpositions were performed
in MidasPlus using the match command and superpositioning residues
at the HB and nonHB positions at the N, Cα, C, O and Cβ atoms for
both residues. Protein Data Bank (PDB) accession code and residues
used for the superpositions in Figure 5a include: 1nah 120, 78; 1nba
193A, 168A; 1chd 161, 187; 1aco 660, 633, 355, 389, 179, 162;
1gad 5O, 30O, 1paz 23, 90; 2er7 213E, 301E; 3cla 173, 147; 3grs
152, 326, 26, 154; 1gky 166, 120, 4, 96 and 1thg 347, 246. Figure 5b
includes: 1aco 680, 660; 1ttq 48A, 97A; 1abe 8, 63, 252, 231; 1nah
174, 258; 2fx2 54, 6; 2cpp 319, 64; 3grs 286, 192, 24, 152; 5p21 6,
55; 1gky 118, 6; 1thg 52, 13; 2cmd 30, 55 and 7aat 218A, 185A.  
Calculations of pairwise interactions
Thermal denaturation profiles for all protein variants were used to deter-
mine thermodynamic parameters for the unfolding transition. After
fitting both the lower and upper baselines for the denaturation curve,
the program ThermoDynaCD [27] was used to determine the Tm and
∆Hm for each mutant. ∆∆∆Gu was determined by first calculating ∆Gu
for each mutant at 25°C and 63°C (or 46°C for the charged pairs)
using the equation ∆Gu (T) = ∆Hm (1–T/Tm) – ∆Cp[(Tm–T) + T ln(T/Tm)]
with a calculated ∆Cp value of 540 (± 40) cal mol–1 K–1. The linear fit
from Figure 6 gives a ∆Cp value of 540 (± 40) cal mol–1 deg–1, and
indicates that the mutants bury similar amounts of surface area during
the folding process. This ∆Cp value is 80 cal mol–1 deg–1 smaller than
reported values for the wild-type B1 domain [6,28]. ∆Cp has been
shown to correlate inversely with the change in accessible hydrophobic
surface area from the folded to the unfolded state [29]. Modeling the
host-site mutations (K4T, N8T, E15A, T44A) and a replacement to
eliminate N-terminal methionine processing (T2Q) in β1 and minimizing
the structure, the solvent-accessible hydrophobic surface area of the
folded state increases by 15%. Using an extended protein backbone
as a model of the unfolded state, the amino acid changes did not affect
the surface area of the unfolded state as compared with wild-type. Our
∆Cp agrees within error to a decrease of 15% from the wild type value.
The ∆Gu values calculated at 63°C of the noncharged and polar
mutants paired with alanine at pH 5.2 (Table 2) are: A6A53, –1.84
(± 0.05); A6F53, –0.23 (± 0.02); A6I53, –0.43 (± 0.02); A6T53, –0.26
(± 0.06); A6V53, –0.82 (± 0.01); A6Y53, –0.01 (± 0.01); F6A53, –0.78
(± 0.02); I6A53, 0.267 (± 0.008); L6A53, –0.106 (± 0.005); N6A53,
–1.89 (± 0.06); T6A53, –1.28 (± 0.03); and V6A53, –0.09 (± 0.01). To
obtain ∆∆Gu, the ∆Gu value of A6A53 was subtracted from the ∆Gu of
each mutant. ∆∆∆Gu, or energy of the interaction between the two
guest residues when paired in the protein, was calculated using the
relationship ∆∆∆GuXY = ∆∆GuXY – (∆∆GuXA + ∆∆GuAY). X is the identity
of the amino acid at position 6 and Y is the identity of the amino acid at
position 53 [22,23].
NMR
1H–15N labeled protein was prepared in 90% water, 10% D2O with
50 mM deuterated sodium acetate buffer (pH 5.2) and spectra were
acquired on 0.5–1 mM protein samples at 10°C.  Experiments were
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performed on a Varian 500 MHz Unity NMR spectrometer. The spec-
trum was referenced to W43 ε N proton at 10.5 ppm in the 1H dimen-
sion and the amide nitrogen of T49 at 103.2 in the 15N dimension of
wild-type B1 domain [19] and resonance assignments based on an
enhanced sensitivity pulsed-field gradient 3D (15N-edited) NOESY-
HSQC experiment [30]. The 3D NOESY was performed with a 150 ms
mixing time with spectral widths of 6000 Hz in the first 1H dimension
(512 points), 3000 Hz in the second 1H dimension (256 points) and
1800 Hz in the 15N dimension (64 points).  Data was processed on a
Sun workstation with Felix software (Biosym).
Calorimetry
Differential scanning calorimetry was performed on a VP-DSC Microcal
in 50 mM sodium acetate buffer on protein in a concentration range
from 0.5 mM to 100 µM with no concentration-dependent differences in
the enthalpy of the unfolding transition for any of the mutants studied.
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